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Summary: Cre-/oxP recombination is widely used for 
genetic manipulation of the mouse genome. Here, we 
report generation and characterization of a new Cre 
line, Stella-Cre, where Cre expression cassette was tar- 
geted to the 3' UTR of the Stella locus. Stella is specifi- 
cally expressed in preimplantation embryos and in the 
germline. Cre-/oxP recombination efficiency in Stella- 
Cre mice was investigated at several genomic loci 
including Rosa26, Jak2, and Npm1. At all the loci exam- 
ined, we observed 100% Cre-/oxP recombination effi- 
ciency in the embryos and in the germline. Thus, Stella- 
Cre mice serve as a very efficient deleter line, genesis 
49:689-695, 201 1 . © 201 1 Wiley-Liss, Inc. 
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INTRODUCTION 

Cre-loxP recombination (Sternberg and Hamilton, 1981) 
is widely used to modify the mouse genome due to its 
simplicity and effectiveness. These applications include 
removing loxP-flanked genomic regions for condi- 
tional knockout alleles (Gu et al., 1994), catalyzing 
long-range recombination for chromosome engineering 
and mitotic recombination, and recombination-medi- 
ated-cassette-exchange (RMCE) (Herault et al., 1998; 
Liu et al., 2002; Ramirez-Solis et al., 1995; Smith et al., 
1995; Wallace et al., 2007; Zong et al., 2005). To 
achieve germline Cre-loxP recombination, Cre recombi- 
nase can be delivered through several routes. For exam- 



ple, Cre-expression plasmids can directly be injected 
into fertilized eggs (Araki et al., 1995; Lauth et al., 
2000; Sunaga et al., 1997). To avoid plasmid integration, 
in vitro transcribed Cre mRNA can also be injected into 
mouse oocytes (de Wit et al., 1998). However, technical 
difficulties of microinjection have limited the broad use 
of Cre//arP system in preimplantation embryos. Re- 
cently, it is reported that purified cell-permeable Cre 
recombinase protein can directly be added to embryo 
culture media to induce recombination (Kim et al., 
2009). 

The development of recombineering technologies 
allows rapid construction of hundreds of conditional 
knockout alleles (Chan et al., 2007; Zhang et al., 1998). 
Large genome-wide conditional knockout projects such 
as EUCOMM and KOMP aim to make conditional knock- 
out alleles for thousands of mouse genes. To study phe- 
no types of the null alleles of these genes, it is necessary 
to convert the conditional knockout alleles to null al- 
leles by either expressing Cre in ES cells or using a 
highly efficient deleter line. It is desirable that the dele- 
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ter line only expresses Cre transiently in the early 
embryos to avoid Cre toxicity from prolonged exposure 
of high levels of Cre recombinase (Schmidt et al., 
2000). On the other hand, Cre expression in the deleter 
line should be sufficient to induce efficient Cre-loxP 
recombination. Several germline Cre deleter mouse 
lines have been produced and used by the mouse genet- 
ics community (Hayashi et al., 2003; Scheel et al., 2003; 
Su et al., 2002; Tang et al., 2002). These lines however 
often have mosaic (Scheel et al., 2003; Su et al., 2002; 
Tang et al., 2002) or sex-specific expression of Cre 
(Sox2Cre) (Hayashi et al., 2003), or have Cre expression 
in adult cells in the case of R26Cre (Soriano, 1999). 

Here, we describe generation and characterization of 
a new deleter line, Stella-Cre, in the 129Sv/EvBrd 
(129S5) background. Stella (also known as PGC7, 
DppaJ) is a maternal effect gene that is specifically 
expressed in primordial germ cells, oocytes, preimplan- 
tation embryos, and ES cells. In post-implantation 
embryos, Stella is specifically expressed in primordial 
germ cells (PGCs), and its expression is maintained until 
E14.5 in the female and E15.5 in the male (Payer et al., 
2003; Saitou et al., 2002; Sato et al., 2002). Stella has im- 
portant functions in early embryo development. Stella- 



deficient females displayed severely reduced fertility 
due to a lack of maternally inherited Stella protein in 
their oocytes. Consequently, embryos from these 
females rarely reached the blastocyst stage (Payer et al., 
2003). 

We recombineered the targeting vector from a 129S5 
BAC (Adams et al, 2005) where the IRES-Cre-FRT-Neo- 
FRT cassette was targeted to the 3' UTR of the Stella 
locus following the stop codon (Fig. la). The targeting 
vector was linearized with NotI and electroporated into 
AB2.2 ES cells. Transfectants were subsequently 
selected in G418 for positive and Ganciclovir for nega- 
tive selections, respectively. Targeted clones were iden- 
tified by the presence of the 5.8 kb junction fragment 
using primers from the Neo cassette and the genomic 
DNA outside the homology arms (primers IF and 1R) 
(Fig. la,b). The correctly targeted ES cell clones were 
found to express Cre recombinase by RT-PCR analysis 
and by a reporter assay in which GFP was expressed 
upon Cre-ZoxP recombination (data not shown). Chi- 
meric mice were produced from two correctly targeted 
clones. The germline competent chimeras from both ES 
cell clones were bred to wild type 129S5 females to 
obtain the Stella-Cre heterozygotes. 
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FIG. 1 . Generation of the Stella-Cre allele, (a) The IRES-Cre-FRT-Neo-FRT cassette was targeted into 3' UTR just following the stop codon 
of the Sfe//a gene. The targeted clones were genotyped by PCR using primers 1F and 1R. Primer 1R is outside the homology arm. Open 
boxes at the Stella locus: 5' and 3' UTRs; Filled boxes: coding regions of Sfe//a exons. (b) Genotyping of the targeted ES cell colonies. The 
5.8-kb junction fragment in the correctly targeted clones was amplified with PCR primers 1F and 1R. Lanes 1-2: two non-targeted ES 
clones; Lanes 3-5: three targeted clones; Lane 6: negative control (no DNA template). As the PCR control, the 31 2-bp fragment was ampli- 
fied from the wild type Rosa26 locus in all the ES cell clones. M: DNA Marker. 
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FIG. 2. Detection of Cre-/oxP recombination at the Rosa26 locus in embryos. Four E12.5 embryos (Lanes 1-4) were harvested from a 
R26R homozygous female plugged by a Stella-Cre heterozygous male mouse, (a) All four embryos inherited the R26R allele which was 
detected using primers 5F and 5R as the 2.1 -kb fragment. PCR analysis also showed that only embryos 3 and 4 had the Stella-Cre allele 
(471 bp Cre fragment), (b) Detection of floxed PGKNeo cassette excision at the R26R locus. Primers 4F and 4R amplified the 5.2-kb frag- 
ment from the non-deletion R26R allele. The size of this fragment was reduced to 2.5 kb after the floxed PGKNeo cassette was excised. 
The non-deletion R26R allele could also be detected using the second pair of primers: 6F and 6R, which amplified a 1.8kb fragment, (c) 
Embryos 1 and 2 did not have the Stella-Cre and thus only had the non-deletion R26R allele as demonstrated by the 5.2-kb PCR fragment 
with primers 4F and 4R and the 1 .8-kb PCR fragment using primers 6F and 6R. Excision of the floxed PGKNeo cassette was only detected 
in Embryos 3 and 4 using primers 4F and 4R as the 2.5-kb fragment. Importantly, we were unable to amplify the 5.2- or 1 .8-kb fragments in 
these two embryos demonstrating that the non-deletion allele was undetectable and that the floxed PGKneo cassette was likely excised in 
most if not all cells. Lane 5: PCR negative control (no DNA template). M: DNA marker. 



To test Cre activity in vivo, we crossed the Stella-Cre 
mice to the R26R reporter mouse line (Soriano, 1999). 
In the R26R mouse, a floxed stuffer cassette (PGKNeo) 
was inserted in front of the lacZ coding sequence at the 
Rosa26 locus (Fig. 2b). Once the floxed PGKNeo cas- 
sette is excised by Cre, lacZ expression is activated. We 
collected embryonic day (E) 12.5 embryos from crosses 
between Stella-Cre heterozygous males and the homozy- 
gous R26R females. Genomic DNA was extracted for 
genotyping the embryos (Fig. 2a). As anticipated, all 
embryos had the R26R allele confirmed by the 2.1-kb 
fragment amplified from the R26R allele (primers 5F 
and 5R shown in Fig. 2b). Two embryos (Lanes 3 and 4) 
also inherited the Stella-Cre allele as shown by the 471 
bp Cre specific amplification fragment (Fig. 2a). Cre- 
loxP recombination was expected to excise the floxed 
PGKNeo cassette. The non-deletion R26R allele was 
detected using primers 4F and 4R as a 5.2 kb fragment, 
or a 1.8-kb fragment amplified using primers 6F and 6R 
(Fig. 2b). After PGKNeo excision, primers 4F and 4R 



amplified a 2.5-kb fragment from the deletion R26R al- 
lele (Fig. 2b). As shown in Figure 2c, embryos 1 and 2 
did not have any excision since they did not have the 
2.5-kb band, while efficient deletion was found in 
embryos 3 and 4. Importantly, in the Stella-Cre/R26R 
embryos (Lanes 3 and 4, Fig. 2c), we did not detect any 
non-deletion allele band (5.2 kb) even after several 
attempts, indicating very efficient excision of the floxed 
PGKNeo cassette at the Rosa26 locus at the time of 
detection (El 2. 5). This result was confirmed by using 
primers 6F and 6R which amplified the smaller non-de- 
letion fragment (1.8 kb) only from embryos 1 and 2 but 
not from 3 and 4 (Fig. 2c). Besides embryos, complete 
Cre-/oxP deletion was also found in the extraembryonic 
tissues (yolk sac) (data not shown), consistent with zy- 
gotic Stella expression starting in the 2-cell stage 
embryo (Payer et al., 2003). 

To further demonstrate the efficient deletion in the 
R26R reporter mice, we stained the embryos heterozy- 
gous for both Stella-Cre and R26R alleles with X-Gal. 
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FIG. 3. Efficient Cre-/oxP recombination at the Rosa26 locus (R26R allele) detected by lacZ activities, (a) Whole-mount X-gal staining of 
Stella-Cre/R26R compound heterozygous (Blue ones) or R26R only (non-blue ones) E12.5 embryos, (b) Sagittal section of an E15.5 Stella- 
Cre/R26R compound heterozygous embryo. (c,d) Higher magnification sagittal sections showing lacZ expression in all cells in the forelimb. 
Scale bars, 50 |xm. (e) Flow cytometric analysis of bone marrow cells from Stella-Cre/R26R mice to detect Cre-/oxP recombination by stain- 
ing /acZ-expressing cells using FDG. In the FACS profiles, the red line represents the wild type control cell staining while the blue line depicts 
the lacZ-FDG signal in Stella-Cre/R26R cells. Almost all cells of Stella-Cre/R26R were stained positively for FDG and thus expressed lacZ. 



STELLA-CRE MICE ARE HIGHLY EFFICIENT CRE DELETERS 



693 



These embryos displayed ubiquitous blue staining (Fig. 
3a). In contrast, no lacZ activity was found in the R26R 
embryos without the Cre (Tig. 3a). Sectioning of the 
compound heterozygous embryos confirmed that lacZ 
was expressed in all cells of the embryo (Fig- 3b-d). 

We next examined Cre-tocP recombination at a single 
cell level in Stella-Cre/R26R double transgenic mice tak- 
ing advantage of the fluorescent substrate of (3-galatosi- 
dase fluorescein di-(3-D-galactopyranoside (FDG). Bone 
marrow cells from the Stella-Cre/R26R mice were har- 
vested and stained briefly with FDG before subjected to 
flow cytometric analysis. Robust FDG staining was 
found in all the examined hematopoietic lineages: 92% 
in Grl + cells, 90% in Macl + , 99% in B220 + CD19" early 
B cells, 96% in B220 + CD19 + B cells (Fig. 3e). The lower 
than 100% FDG staining in bone marrow cells was 
expected due to the relatively low sensitivity of FDG in 
some blood cells. This possibility was confirmed in PCR 
analysis where we did not detect any undeleted frag- 
ment of the R26R allele using genomic DNA of the 
sorted cells (data not shown). 

Stella is expressed in early germline development. To 
directly determine Cre-toxP recombination in the germ- 
line, we bred the double transgenic males that had both 
the Stella-Cre allele and a floxed eGFP cassette at the 
Rosa26 locus to wild type females. Twenty pups were 
found to inherit only the modified Rosa26 allele. The 
eGFP cassette was excised in all twenty pups thus dem- 
onstrating 100% germline Cre-feeP recombination in 
the parental male mice (data not shown). Both male 
and female Stella-Cre mice were subsequently crossed 
to conditional knockout or knock-in mice of other loci 
including Jak2 and Npml . In all cases, we did not 
detect the non-recombination fragments in PCR analysis 
in E12.5-14.5 embryos or in adult mice that had both 
the Cre and the floxed loci (data not shown), further 
confirming the efficient Cre-/ox:P recombination by the 
Stella-Cre. No noticeable difference in recombination ef- 
ficiency was observed between using male and female 
Stella-Cre mice. Additionally, excision of the FRT-flanked 
Neo cassette from the Stella-Cre allele did not appear to 
affect the Cre-/oxP recombination efficiency (data not 
shown). 

In summary, we have generated and characterized 
the Stella-Cre mouse line. Consistent with Stella's 
expression primarily in early embryos and in the germ- 
line, Stella-Cre led to very efficient Cre-/oxP recombina- 
tion in embryos and in the germline examined at several 
loci. Stella-Cre mice thus serve as a highly efficient Cre 
deleter line. Compared to other germline deleters used 
in the community, Stella-Cre mice offer the following 
advantages: Stella expression is primarily restricted to 
the germline and preimplantation embryos; Stella-Cre is 
a knock-in allele thus it is likely that Cre activity recapit- 
ulates the endogenous Stella expression so that Cre- 
loxP recombination is primarily restricted to preimplan- 



tation embryos and the germline. Moreover, although 
Stella was considered to be a maternal effect gene, zy- 
gotic Stella expression starts as early as in the two-cell 
stage embryo (Payer et al., 2003). Additionally, Stella is 
expressed during both male and female germline devel- 
opment. Therefore, both male and female Stella-Cre 
mice can be used as very efficient deleters. 

MATERIALS AND METHODS 

Construction of Stella-Cre Targeting Vector 

To make the retrieving vector, the 5' and 3' retrieving 
homology arms of Stella gene region were amplified 
using PCR from mouse BAC (bMQ-301Ml4) with the fol- 
lowing primers: 

5' HA forward: Stella-out-5F-NotL 5'TTgcggccgc 
GTTGTGCGGATGGTGTTGTAAGCTTT-3' , 

5' HA reverse: Stella-out-5R-BamHF. 5'-CGggatccCCA 
CCCCCTTCCCATCAGTTAAGTTAA-3'), 

3' HA Forward: Stella-out-3F-BamHI-SpeF. 5'-CGggat 
ccactagtGCTGGTCTGTTCTGCTAAGTAGTCAGG-3', 

3' HA Reverse: Stella-out-3R-XbaP. 

5'-GtctagaCTCTGATTCATTGGATCAGCAGCC-3' 

The 5' and 3' retrieving homology arms were cut 
with Notl/BamHI and BamHI/Xbal, respectively before 
cloned into the pL253 vector (Liu et al., 2003) to con- 
struct the retrieving vector. The retrieving vector was 
linearized with BamHI/Spel to retrieve the 9-0 kb 
genomic fragment from BAC (bMQ-301Ml4). 

For the mini-targeting vector, the 5' and 3' homology 
arms (HA) were amplified using the following primers: 

5' HA Forward: Stella-in-5F-SalL 5'-CGgtcgacCT- 
CAGCCCCCAGGAAGTCTGGT-3', 5' HA Reverse: Stella- 
in-5R-EcoRL 5'-CGgaattcCGACAGCCAGGGCAGCGTAC- 
3', 3' HA Forward: Stella-in-3F-BamHF. 5'-CGggatccC- 
GACGATGCCGCACAGCAG-3' , 

3'HAReverse:Stella-in-3R-NotP. 

5' TTgcggccgcCTGTTACAGTAGCCCCTAGCTGTTTG 
TG -3'. 

The 5' and 3' homology arms were cut with EcoRI/ 
Sail and BamHI/NotI, respectively. The IRES-Cre-FRT- 
PGK-Neo-FRT fragment was cut out from pL459 vector 
using EcoRI/BgUI. The homology arms and the Cre cas- 
settes were cloned into the pBlueScriptll SK(+) cut 
with with Sall/NotI to obtain the mini-targeting vector. 
The two homology arms and the Cre cassette was finally 
cut out as one fragment using XhoI/NotI which was 
electroporated into the retrieved vector for recombin- 
eering to obtain the final targeting vectors. 

Generation of Stella-Cre Mice 

The Notl-linearized Stella-IRES-Cre-FRT-Neo-FRT tar- 
geting vector was electroporated into AB2.2 ES cells, 
which were cultured using standard protocols (Ram- 
irez-Solis et al., 1993)- G418 and Ganciclovir double 
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resistant colonies were picked and expanded for geno- 

typing using the following primers: 

IF: 5' GAGGAAATTGCATCGCATTGTCTGAGTAGG 3' 
1R: 5' GCGACTTACAGAATGTGAAGTTAGGCAGC 3' 
Two correctly targeted ES cell clones were injected 

into C57/BL6 blastocysts to obtain chimeras. Mice tail 

tip DNA was extracted and genotyped by PCR analysis 

using Cre specific primers (2F: 5' CCGGTCGATGCAAC 

GAGTGATGAGGTT 3', 

2R: 5' CAGGGTGTTATAAGCAATCCCCAGAAATGCC3') 

and 

Rosa26 primers (3F: 5'AAAGTCGCTCTGAGTTGTT 
AT3', 3R: 5' GCGAAGAGTTTGTCCTCAACC 3'). 

All animal experiments were performed in accord- 
ance with the UK's 1986 Animals Scientific Procedure 
Act and local institute ethics committee regulations. 

Genotyping Embryos and Whole-Mount X-Gal 
Staining 

El 2.5 embryos were obtained from crosses between 
Stella-Cre/+ males and R26R/R26R females. Embryos 
were genotyped by PCR using both Cre primers 
(2F: 5' CCGGTCGATGCAACGAGTGATGAGGTT 3', 2R: 
5' CAGGGTGTTATAAGCAAT CCCCAGAAATGCC 3') 
and lacZ (5F: 5' AGAGACGCGCCCGCTGATCC 3', 5R: 
5' GGAGCGGGAGAAATGGATATG 3'). Cre-mediated 
excision was determined using two pairs of primers: 
one pair is (4F: 5' AAAGTCGCTCTGAGTTGTTAT 3', 4R: 
5' CAGGCGCTGATGTGCCCGGC 3') and the other is 
(6F: 5' GCCGCTTTTCTGGATTCATCGA 3', 6R: 5' GGCCT 
CAGGAAGATTGCACTCCA 3'). Dissected embryos 
were fixed in 4% paraformaldehyde at 4°C for 1 5 min. Af- 
ter washing three times with ice cold PBS, embryos were 
incubated in lacZ staining buffer (0.1% X-Gal (1 mg ml -1 ) 
in DMF, 2 mM MgCl 2 -6H 2 0, 0.01% deoxycholic acid, 
0.02% IGEPAL CA-630, 5 mM potassium ferrocyanide 
(K4Fe(CN)6-3H 2 0), and 5 mM potassium ferricyanide 
[K4Fe(CN) 6 in PBS (pH 8.0)] for up to 48 h in the dark 
at 4°C. 

Flow Cytometric Analysis of Hematopoietic 
Cells Using FDG 

Fluorescein di-p-D-galactopyranoside (FDG, Sigma) 
was used for flow cytometric analysis of the deletion ef- 
ficiency in bone marrow cells. Long bones (tibias and 
femurs) were removed from 8- to 12-week old mice. 
Cells were stained on ice in the dark for 20 min using 
the following monoclonal antibodies: Gr-1, Macl, B220, 
CD19 (all from BD Biosciences). About 1.0 ml PBS 
(with 1% FCS) was then add and cells were centrifuged 
at 375g for 5 min. Supernatant was then decanted and 
cells were re-suspended in 500 (.il of PBS (with 1% FCS). 
Cell samples and FDG stock (2.0 mM in DMSO) were 
pre-warmed at 37°C for 5 min. Next, an equal volume of 
FDG stock was added and the cell mixture was incu- 



bated at 37°C for 1 min before adding 2.0 ml of HBSS 
for one hour incubation on ice in dark. Flow cytometric 
analysis was carried out using CyAN ADP (DakoCytoma- 
tion) or MoFlo (DakoCytomation) and gates were set to 
exclude >99-9% of cells labeled with isoform-matched 
control antibodies conjugated with the corresponding 
fluorochromes. 
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